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The adult brain is in a continuous state of remodeling. This is nowhere more true than in
the dentate gyrus, where competing forces such as neurodegeneration and neurogenesis
dynamically modify neuronal connectivity, and can occur simultaneously. This plasticity
of the adult nervous system is particularly important in the context of traumatic brain
injury or deafferentation. In this review, we summarize a classic injury model, lesioning
of the perforant path, which removes the main extrahippocampal input to the dentate
gyrus. Early studies revealed that in response to deafferentation, axons of remaining fiber
systems and dendrites of mature granule cells undergo lamina-specific changes, providing
one of the first examples of structural plasticity in the adult brain. Given the increasing role
of adult-generated new neurons in the function of the dentate gyrus, we also compare the
response of newborn and mature granule cells following lesioning of the perforant path.
These studies provide insights not only to plasticity in the dentate gyrus, but also to the
response of neural circuits to brain injury.
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PLASTICITY IN THE ADULT BRAIN
The ability of the mammalian brain to change with experience
is perhaps its most important feature. At the organismal level,
the positive (adaptive) benefits of experience-dependent changes
underlie our abilities to learn, speak multiple languages, ride
a bicycle and so on. However, equally important are enduring
negative (maladaptive) effects that are associated with experience-
dependent changes including benign habits as well as more dis-
ruptive conditions such as anxiety, post-traumatic stress, and
drug addiction. In both cases, these changes are manifested at
the level of circuits and individual neurons as a reordering of
gene expression profiles, synaptic strength, and circuit connec-
tivity. Reorganization reflects the adaptation of the network to
a changing environment, either encoding new information or
compensating for injury-induced degeneration. Reorganization
following a brain injury inevitably perturbs the dynamic equi-
librium, which can affect many aspects of neuronal structure
and function including intrinsic neuronal properties, synaptic
interactions, and connectivity within and between networks. The
cellular and molecular landscape can impose limits on plasticity
and regenerative capacity of the adult brain.
A variety of injury models have been used to examine the
response of the brain such as crush injuries to peripheral nerves,
cortical stab wounds, and spinal cord injury (SCI) models. For
example, SCI models have been extensively examined for factors
that limit the growth of axons following damage or transection
(Akbik et al., 2012; Tuszynski and Steward, 2012). Here we focus
on the perforant path lesion, a brain injury model that interrupts
the main excitatory input to the dentate gyrus of the hippocam-
pus. This model has the experimental advantages of a highly
laminated structure and allows analysis of not only the axonal
response to injury, but also changes in dendrite morphology
and synaptic reorganization. This classic lesion provided some
of the first evidence for structural plasticity following injury in
the CNS, and also provides an opportunity to examine the injury
response of some of the most highly plastic neurons in the brain,
adult-generated newborn granule cells. Because perforant path
axons are lesioned at a site remote from the dentate, this model
is particularly useful to evaluate axonal sprouting from other
pathways terminating in the dentate gyrus. Prior results indi-
cate that axonal sprouting occurs, but only in a lamina-specific
manner. There are also compensatory changes in dendritic struc-
ture and dendritic spines on the post-synaptic mature granule
cells, including an initial reduction in dendritic complexity and
spine counts, followed by a limited recovery, presumably based
on axonal sprouting. Recent studies with adult-generated granule
cells indicate that these cells are highly dynamic following dener-
vation, surprisingly developing dendritic spines in the denervated
zone in the absence of functional input. These latter studies sug-
gest that a unique post-lesion environment affects development
of dendritic spines and new synapses in deafferented laminae.
Before discussing the insights gained from the perforant path
lesion model, we first highlight features of neuronal and non-
neuronal plasticity that drive adaptive and maladaptive changes
in brain circuits.
SYNAPTIC AND DENDRITIC PLASTICITY IN THE INJURED BRAIN
It is well known that synaptic and dendritic plasticity occur
in sensory systems following deprivation, and in motor sys-
tems following disuse (Hickmott and Steen, 2005; Hofer et al.,
2006). However, spines and dendrites also undergo dynamic
functional and structural changes following acute injury or
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neurodegeneration. These changes fall into several categories
including retraction of dendritic arbors following loss of inputs,
compensatory increases in dendritic arbors in domains of afferent
inputs unaffected by the injury, transient changes in spine densi-
ties, and alterations in the types or shapes of dendritic spines. For
example, dendritic reorganization occurs after ischemia (Hosp
and Luft, 2011), but the degree of remodeling depends on the
proximity of dendrites to the site of infarction. Brown et al. (2010)
reported a dendritic retraction following ischemic injury in cor-
tex adjacent to the infarct, but compensatory dendritic outgrowth
away from the site of injury. On the other hand, Mostany and
Portera-Cailliau (2011) saw only dendritic pruning at cells in
peri-infarct cortex. Dendritic spine density is also sensitive to
ischemia (Brown et al., 2008) and SCI (Kim et al., 2006), both
of which lead to a reduction in spine density and elongation
of the remaining spines, albeit at different time scales. Because
spine elongation is associated with synaptogenesis, the under-
lying mechanisms for these changes are in many cases thought
to be sensitive to injury-induced alterations in network activ-
ity. For example, the intense neuronal activity associated with
kainate-induced seizures triggers beading of dendrites and sub-
sequent loss of spines (Drakew et al., 1996; Zeng et al., 2007).
However, brief seizure activity can also trigger more “physio-
logical” responses, such as the induction LTP in CA3 pyramidal
neurons (Ben-Ari and Gho, 1988). This dichotomy suggests that
network responses to injury are likely to be context-specific, and
may reflect exaggerations of the normal adaptive responses to
stimuli (Figure 1).
SPROUTING AND THE AXONAL RESPONSE TO INJURY
Axons can also reorganize following injury, although the extent of
regeneration varies. In the peripheral nervous system, regenerat-
ing axons can grow long distances and re-innervate their targets,
thus leading to functional recovery. However, regenerating axons
in the central nervous system are often unable to penetrate the
lesion, thus limiting long-range axonal outgrowth. Perhaps most
extensively studied examples are experimental models of SCI,
in which cut or damaged axons of the corticospinal tract form
retraction bulbs and eventually move away from the lesion site,
unable to penetrate the gliotic scar (Hill et al., 2001; Fitch and
Silver, 2008). However, if the transection is incomplete, sprout-
ing of uninjured axons, as well as cortical reorganization can lead
to partial functional recovery following injury (Raineteau and
Schwab, 2001; Maier and Schwab, 2006). The difference in the
capacity for axonal regeneration in the peripheral and central ner-
vous systems reflects differences in intrinsic neuronal properties
(Liu et al., 2011) and in post-injury changes in the extracellular
environment (Giger et al., 2010). Whereas degenerating material
in the peripheral nervous system is effectively cleared following
injury (Chen et al., 2007; Bosse, 2012), these processes are much
FIGURE 1 | Plasticity in the central nervous system. (A) Axons from
two different pathways synapse onto spines on the same dendrites. Each
synapse is surrounded by astrocytes (red), microglia (green), and extracellular
matrix. (B) Increases in activity, such as occur during learning, can strengthen
connections by axonal sprouting (blue) as well as formation of new filopodia
and dendritic spines (*). Adjacent afferents, surrounding glia, and extracellular
matrix are relatively unaffected. (C) Disruption of afferents, such as following
injury, leads to degeneration of damaged axons (dotted lines), activation of
astrocytes, microglia, and extracellular matrix, as well as retraction of
dendritic spines (*). Compensatory sprouting of undamaged afferents from
another brain region (orange) can form new synapses, including contacts
with denervated spines (#).
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slower in the central nervous system (Vargas and Barres, 2007;
Giger et al., 2010), and may thus interfere with reinnervation of
deafferented target areas. Axonal structural plasticity may also be
maladaptive following injury, as can occur in the brain of patients
with temporal lobe epilepsy. Following seizures, mossy fiber axons
sprout recurrent collaterals that synapse onto granule cell den-
drites in the inner molecular layer, thereby increasing excitatory
connectivity within the dentate gyrus (Sutula and Dudek, 2007).
Such structural reorganization can lead to an imbalance between
excitation and inhibition in the circuit, which may underlie
recurrent seizures.
GLIAL AND EXTRACELLULAR RESPONSE TO BRAIN INJURY
Glial cells are intimately involved in function and plasticity of
the healthy adult brain, however, their contribution to recov-
ery following injury is even more striking. Brain and spinal cord
trauma, neurodegeneration, ischemia, and infection, all stimulate
morphological and molecular changes in surrounding astrocytes,
often referred to as reactive gliosis. Depending on the triggering
mechanism and its duration, the glial response can promote or
inhibit recovery (Figure 2; Sofroniew, 2009). For example, during
mild insults to the CNS, such as the immune reaction that fol-
lows a viral infection or as occurs in areas distant to a lesion site,
astrocytes hypertrophy but remain tiled (Figure 2B; Wilhelmsson
et al., 2006). In such cases, tissue reorganization is minimal and
reactive astrogliosis resolves within a few weeks. However, fol-
lowing more severe CNS insults such as major trauma, stroke, or
neurodegeneration, astrocytes proliferate, acquire expansive reac-
tive morphology, and their processes extend beyond their original
borders (Sofroniew and Vinters, 2010). The resulting dense net-
work of newly proliferated astrocytes can recruit other cell types,
including fibromeningeal cells and microglia, resulting in the for-
mation of a permanent and impenetrable glial scar (Figure 2C).
Reactive astrogliosis has traditionally been viewed as maladap-
tive because gliosis can contribute to glutamate toxicity (Takano
et al., 2005), generation of seizures (Jansen et al., 2005; Tian
et al., 2005), inflammation (Brambilla et al., 2005), and chronic
pain (Milligan and Watkins, 2009). Furthermore, the glial scar
can inhibit axonal regrowth (Silver and Miller, 2004). Although
experimental interference with glial scar formation can increase
axonal regeneration, it can also increase lesion size and dimin-
ish functional recovery (Sofroniew, 2009). The latter suggests that
the presence of reactive astrocytes, depending on the context, can
have positive effects on neuronal reorganization by stabilizing the
extracellular ion balance, reducing seizure likelihood, and damp-
ening excitotoxicity (Rothstein et al., 1996; Koistinaho et al., 2004;
Swanson et al., 2004).
An important product of glial cells, the extracellular matrix
(ECM), surrounds the synapse (Dityatev et al., 2006, 2010b) and
is instrumental in synaptic plasticity both in the healthy and
injured brain (Dityatev and Fellin, 2008; Dityatev et al., 2010a;
Frischknecht and Gundelfinger, 2012). For example, astrocyte-
derived ECM components, such as thrombospondins, initiate
synaptic development (Christopherson et al., 2005; Xu et al.,
2010) as well as regulate synaptic plasticity (Eroglu, 2009). In
addition, inactive perisynaptic matrix metalloproteases are tran-
siently activated following induction of LTP in the hippocampus
(Nagy et al., 2006; Bozdagi et al., 2007). Because ECM
FIGURE 2 | Adaptive and maladaptive glial changes following injury.
The degree of astrogliosis depends on the severity of injury. (A) Glia and
extracellular matrix at baseline. Astrocytes are tiled, i.e., their processes
do not overlap with neighboring astrocytes. Microglia are interspersed
throughout the region. (B) Mild injury triggers activation of microglia and
astrocytes. Astrocytes and microglia increase in size and acquire more
complex process morphology, but astrocytes maintain their tiled formation.
This response is considered adaptive because it limits the spread of
degeneration away from the site of injury, dampens excitotoxicity, and
promotes tissue regeneration. Such glial activation typically resolves within a
few weeks after a mild, transient injury. (C) In contrast severe injury causes
reactive astrocytes to invade neighboring domains, recruit reactive microglia,
and increases secretion of extracellular molecules. This results in formation
of a persistent glial scar that can be impenetrable to sprouting axons.
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components originate from glia, activation of astrocytes follow-
ing injury can affect expression of ECM molecules and thus
post-injury neuroplasticity. Like the astroglial response, these
molecules can have a dual role in recovery. For example, chon-
droitin sulfate proteoglycan expression is beneficial in containing
the size of a lesion, but a few days later can inhibit axonal growth
(Zuo et al., 1998; Galtrey and Fawcett, 2007). Likewise, matrix
metalloproteinases have a positive effect on reactive synaptogene-
sis when transiently upregulated (Falo et al., 2006), but persistent
and widespread MMP expression leads to regression of dendritic
spines, degeneration of synapses and neuronal apoptosis (Falo
et al., 2006; Huntley, 2012). The complexity of the glial and ECM
response underscores both the potential for, and the limitations
of, repair and regeneration following brain injury.
PERFORANT PATH LESION AS A MODEL OF POST-INJURY
PLASTICITY IN THE ADULT BRAIN
ADVANTAGES OF MODEL
Lesioning of the perforant path was one of the first models to doc-
ument injury-induced plasticity in the adult brain. This lesion of
the major excitatory input into the dentate gyrus affects the trisy-
naptic hippocampal circuit, disrupting the distinctly unidirec-
tional progression of excitatory activity arriving from other brain
regions (Knowles, 1992). Because the entorhinal lesion site is
distant from the dentate gyrus, local degenerative/inflammatory
effects at the lesion site can be easily separated from the regen-
erative effects of post-lesion circuit reorganization. The simple
cyto- and fiber architecture and lamination pattern of the den-
tate gyrus also provides an experimental advantage because the
lesion affects only one of many afferent fiber systems. Each affer-
ent input terminates in a specific lamina of the molecular layer
(Hjorth-Simonsen and Jeune, 1972) and each is functionally and
molecularly distinct (Leranth and Hajszan, 2007). This diver-
sity allows a comparison of heterotypic and homotypic sprouting
post-lesion (Ramirez, 2001), as the balance of these inputs may
have a role in functional recovery.
POST-LESION CIRCUIT REORGANIZATION—AXONS
Afferents to the dentate gyrus have diverse origins and neu-
rotransmitter phenotypes that converge on the hippocampus
(Figure 3, left panel). Glutamatergic inputs to the outer two-
thirds of the dentate molecular layer include the entorhinodentate
perforant path (Hjorth-Simonsen and Jeune, 1972; van Groen
et al., 2003) and a weak species-specific commissural projec-
tion from the contralateral entorhinal cortex (van Groen et al.,
2002; Deller et al., 2007). Glutamatergic input to the inner
molecular layer consists of the mossy cell axons from the com-
missural/associational (C/A) collaterals (Gottlieb and Cowan,
1973; Soriano and Frotscher, 1994). These excitatory synaptic
inputs are complemented by cholinergic, GABAergic, noradren-
ergic, dopaminergic, and serotonergic projections that terminate
throughout the molecular layer (Leranth and Hajszan, 2007).
Because the entorhinodentate projection is the largest gluta-
matergic afferent fiber system, a perforant path lesion severs the
FIGURE 3 | Lamina-specific axon sprouting and reactive gliosis following
perforant path lesion. The molecular layer of the adult dentate gyrus is a
highly laminated structure with afferent inputs segregated based on their
origin and neurotransmitter phenotype. All afferent axons form either
symmetrical or asymmetrical synapses with mature granule cells (black
traces) in a lamina-specific manner. Left panel: the inner molecular layer
(IML) is occupied by the glutamatergic commissural/associational fibers (C/A)
that arise from mossy cells in the ipsi- or contralateral hilus. The middle and
outer molecular layer (MML, OML) are occupied predominantly by the
glutamatergic perforant path (MPP, LPP), which originates in the ipsilateral
entorhinal cortex. In rats (but not in mice), there is also a crossed
glutamatergic projection from the contralateral entorhinal cortex (cEC) that
terminates in the outermost molecular layer (OML). Cholinergic axons (ACh)
from the septal nuclei/diagonal band of Broca are interspersed throughout
the molecular layer, as are astrocytes (red) and quiescent microglia (green).
Right panel: lesion of the entorhinal cortex (red X, left panel) transects both
medial and lateral perforant path, thus eliminating the majority of excitatory
input into the dentate gyrus. Degeneration of these axons induces
lamina-specific sprouting of the remaining septohippocampal (ACh),
commissural/associational (C/A), and crossed entorhino-dentate (cEC)
afferents. In the rat, the contralateral entorhino-dentate projection (cEC)
partially restores excitatory innervation of the mature granule cells
(black trace), however, their dendritic length and complexity are still reduced.
The microglia (green) and astrocytes (red) become “activated” following
lesion, but this response is limited to the deafferented zone. Note the
expansion of the inner molecular layer and shrinkage of the outer layers.
Frontiers in Neural Circuits www.frontiersin.org February 2013 | Volume 7 | Article 17 | 4
Perederiy and Westbrook Perforant path lesion and adult neurogenesis
majority of excitatory innervation in the dentate gyrus, thus effec-
tively denervating the outer two-thirds of the molecular layer and
vacating 80–90% of all synapses in that region (Matthews et al.,
1976a; Steward and Vinsant, 1983). Such degeneration of exci-
tatory synapses triggers compensatory axonal sprouting that is
lamina-specific (Frotscher et al., 1997) and can be either homo-
or heterotypic, depending on the neurotransmitter involved.
Sprouting of other glutamatergic axons, defined as homotypic to
the perforant path, includes the weak entorhinodentate projec-
tion from the contralateral, non-lesioned entorhinal cortex that
normally terminates in the deafferented region (Steward et al.,
1973; Steward, 1976; Cotman et al., 1977; Deller et al., 1996a), and
the glutamatergic component of the commissural/associational
fiber system that normally terminates in the inner molecular layer
(Gall and Lynch, 1981; Deller et al., 1996b). Although homo-
typic reactive sprouting can partially replace lost synapses in the
denervated zone (Marrone et al., 2004), the degree of excita-
tory reinnervation is species-specific (van Groen et al., 2002; Del
Turco et al., 2003; Deller et al., 2007). Homotypic sprouting also
can partially restore postsynaptic function (Reeves and Steward,
1988) as well as ameliorate some behavioral deficits (Ramirez,
2001).
Lesion of the perforant path also triggers reactive heterotypic
sprouting of non-glutamatergic afferents such as the choliner-
gic septodentate projection. Sprouting of this fiber system was
initially detected as an increase in acetylcholinesterase (AChE)
staining in the denervated zone (Figure 4; Lynch et al., 1972;
Nadler et al., 1977a,b). The width of the AChE band was sub-
sequently correlated with the extent of the lesion and the time
course of reorganization (Zimmer et al., 1986; Steward, 1992),
and therefore has been used as a marker for the extent and
completeness of a perforant path lesion. Although the increase
in AChE staining density in the denervated region has been cor-
roborated (Vuksic et al., 2011), it remains uncertain whether this
increase indicates actual cholinergic sprouting or is a consequence
of post-lesion tissue shrinkage (Phinney et al., 2004). Perforant
path lesions also cause sprouting of GABAergic C/A axons (Deller
et al., 1995) as well as trigger receptor reorganization and new
inhibitory synapse formation on mature granule cells (Simbürger
et al., 2000, 2001). In combination with a decrease in glutamater-
gic innervation, these results suggest that lesions of the perforant
path can alter the excitation/inhibition balance in the dentate
gyrus (Clusmann et al., 1994), which can potentially compli-
cate functional recovery. However, heterotypic sproutingmay also
serve an adaptive purpose in post-lesion circuit reorganization by
reinnervating vacated synapses and thus preventing or delaying
transsynaptic cell death.
POST-LESION CIRCUIT REORGANIZATION—DENDRITES/SPINES
Interruption of the perforant path denervates one of the main
inputs to the principal neurons in the adult dentate gyrus—the
mature granule cells. These cells are part of the trisynaptic hip-
pocampal circuit, with their dendrites receiving afferent input
from the entorhinal cortex and other brain regions; and their
axons forming the mossy fibers that synapse with pyramidal cells
in CA3. The two subdivisions of the perforant path, medial and
lateral, synapse with mature granule cell dendrites in the mid-
dle and outer molecular layers, respectively (Hjorth-Simonsen
and Jeune, 1972; van Groen et al., 2003). Following a perforant
path lesion, these axons degenerate (Matthews et al., 1976a), thus
eliminating the majority of excitatory input onto dendritic seg-
ments in the outer two-thirds of the molecular layer (Figure 3).
FIGURE 4 | Structural plasticity following perforant path lesions. Left
panels (modified from Steward and Messenheimer, 1978): Mature cat
hippocampus histochemically stained for acetyl cholinesterase (AChE)
activity at 60 days post-lesion. The density of AChE is dramatically
increased in the denervated outer molecular layer (A,B, top right, dark
band), consistent with sprouting of the cholinergic septohippocampal axons
following lesion. Also note that the thickness of the inner molecular layer is
increased due to sprouting of the glutamatergic commissural/associational
fibers (C,D, bottom right, double arrows). Right panels (modified from
Matthews et al., 1976b): Ultrastructural evidence for synaptic regeneration
in the denervated zone at 60 days post-lesion in the mature rat. Serial
sections through a complex spine (a,b,c,d, green) show synaptic contacts
with a degenerating bouton “D” as well as with a regenerating axon “∗.”
a = spine apparatus.
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The loss of excitatory input initiates a series of morphological
and functional changes in the post-synaptic mature granule cells.
Dendrites retract, resulting in less complex dendritic arbors in
the denervated region (Caceres and Steward, 1983; Diekmann
et al., 1996; Schauwecker and McNeill, 1996; Vuksic et al., 2011).
Distal dendritic segments are progressively lost for periods up to
90 days post-lesion, with some recovery by 180 days post-lesion.
However, the recovery most likely reflects the extension of exist-
ing dendrites, rather than formation of new branches (Vuksic
et al., 2011). Similarly, the density of dendritic spines—the post-
synaptic targets of the entorhinodentate projection—is signifi-
cantly reduced following lesion, but only in the deafferented zone
(Parnavelas et al., 1974; Vuksic et al., 2011). Surprisingly there
is relatively little data assessing the functional state of the den-
tate gyrus circuit following such lesions. However, spontaneous
neural activity in mature granule cells post-lesion appears to
transiently decrease immediately following lesion, then gradually
returns to pre-lesion levels by 8 days (Reeves and Steward, 1988).
The source of this activity presumably reflects reorganization of
synaptic inputs that follows excitatory reinnervation by sprouting
afferents.
POST-LESION GLIAL AND EXTRACELLULAR MATRIX (ECM) RESPONSE
Post-lesion structural reorganization in the adult dentate gyrus is
influenced by the post-injury dynamics of the extracellular envi-
ronment. Reactive gliosis following perforant path lesion is both
rapid and sustained, and is considered adaptive in this context.
Gliosis serves to clear degenerating debris, to maintain laminar
borders, and to aid reactive synaptogenesis in the deafferented
region. For example, microglia proliferate and acquire reactive
morphology within 3 days post-lesion and return to baseline by
day 10 (Hailer et al., 1999). However, activation of astrocytes in
the denervated zone is delayed relative to microglia and persists
for at least 30 days post-lesion (Hailer et al., 1999). Together,
microglia and astrocytes participate in phagocytosis of degener-
ating axons (Bechmann and Nitsch, 2000) and may regulate axon
sprouting and reactive synaptogenesis (Gage et al., 1988; Ullian
et al., 2004). The efficiency of phagocytosis following injury, espe-
cially of degenerating myelinated axons, generally correlates with
the degree of regeneration in the CNS (Neumann et al., 2009).
Because the glial response is limited to the denervated lamina
with relatively little reactive gliosis in the inner molecular layer,
this lamina-specific reaction may underlie the lack of sprout-
ing across laminar borders into the denervated zone. Reactive
gliosis also triggers changes in the extracellular matrix, which
may affect the maintenance of laminar borders following lesion.
For example, tenascin-C (Deller et al., 1997) and chondroitin
sulfate proteoglycans (Haas et al., 1999) are secreted by reac-
tive astrocytes following perforant path lesion. Both these factors
affect axon outgrowth during development as well as follow-
ing injury (Bovolenta and Fernaud-Espinosa, 2000; Bartus et al.,
2012). Similarly, reactive astrocytes can secrete thrombospondins
or matrix metalloproteases (Christopherson et al., 2005; Warren
et al., 2012), which can provide a scaffold for lesion-induced
synaptogenesis (Deller et al., 2001; Mayer et al., 2005).
In summary, lesion of the perforant path eliminates the main
excitatory input in the outer two-thirds of the dentate molecular
layer, thus partially denervating dendrites of mature granule cells.
This lesion illustrates both the potential for regeneration in the
CNS, but also some of the limits. Within 2 weeks post-lesion,
remaining afferent homo- and heterotypic systems can sprout,
but the laminar borders largely limit reorganization of axons and
synaptic terminals. Changes in the composition of the extracel-
lular matrix, triggered by degenerating perforant path axons and
reactive gliosis, are a major contributing factor in this regard.
ADULT-GENERATED NEWBORN NEURONS AND THE
RESPONSE TO BRAIN INJURY
Plasticity of neuronal circuits occurs in the adult mammalian
brain and is particularly intriguing in the form of adult neuro-
genesis (Lledo et al., 2006). The dentate gyrus of the hippocampal
formation harbors a continuously proliferating population of
granule cells precursors, some of which mature over several weeks
and become functionally indistinguishable from mature granule
cells in the dentate gyrus (van Praag et al., 2002; Overstreet-
Wadiche and Westbrook, 2006; Ge et al., 2008). In contrast to
mature granule cells, newborn neurons have enhanced synaptic
plasticity (Ambrogini et al., 2004; Schmidt-Hieber et al., 2004),
suggesting that they may have distinct roles in normal hippocam-
pal function as well as following injury.
PROLIFERATION OF ADULT-GENERATED NEURONS FOLLOWING
INJURY
Proliferation of newborn neurons in the dentate gyrus is highly
sensitive to environmental and endogenous signals, such as learn-
ing, exercise, or severe stress (van Praag et al., 1999; Overstreet
et al., 2004; Tashiro et al., 2007). Interestingly, increases in
proliferation also occur in various animal models of ischemia,
epilepsy, and traumatic brain injury (Liu et al., 1998; Parent,
2003; Jessberger et al., 2005; Lichtenwalner and Parent, 2006;
Parent, 2007; Kernie and Parent, 2010). Depending on the stimu-
lus, increased proliferation of neuronal precursors can be adaptive
and has therefore been targeted as a potential therapeutic avenue
(Magavi et al., 2000; Mitchell et al., 2004; DeCarolis and Eisch,
2010). However, proliferation can also be maladaptive. For exam-
ple, following seizures, newborn neurons can proliferate and
disperse throughout the granule cell layer as well as ectopi-
cally in the hilus (Scharfman et al., 2000; Parent et al., 2006;
Koyama et al., 2012). Ectopic cells in the hilus show enhanced
excitability and fire synchronously with aberrantly reorganized
mossy fibers (Scharfman et al., 2000), thus potentially contribut-
ing to epileptogenesis (Parent, 2007; Koyama et al., 2012; but see
also Buckmaster and Lew, 2011). However, abnormal migration
of mature granule cells (without accompanying neurogenesis)
has also been reported following seizures induced by intrahip-
pocampal kainic acid (Heinrich et al., 2006), suggesting that both
proliferation and dispersion are context-specific. Interestingly
proliferation of neuronal precursors is also stimulated by a uni-
lateral lesion of the perforant path, which removes the major
input to the dentate gyrus and thus might be expected to reduce
neuronal activity in granule cells. A dramatic increase in new
granule neurons can be observed in the ipsilateral dentate gyrus
at 14 days post-lesion (Figure 5, green cells; Perederiy et al.,
2013).
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FIGURE 5 | Adult neurogenesis and synaptic integration following
perforant path lesion. Data montage of dorsal hippocampus in mature
mouse. Left panel: The morphology of 14-day-old newborn granule cells
(POMC-EGFP, green), and typical maturation of newborn granule cells (white
traces) shown at 14- (white cell at right in panel) and 21- (white cell at left in
panel) days post-mitosis. At 14 days, dendritic arbors are limited to the inner
molecular layer (IML) and lack spines, whereas dendrites of 21-day-old
granule penetrate the middle (MML) and outer (OML) molecular layers and
develop spines. Typical dendritic spine densities are shown at far left for
the inner (IML) and outer (OML) molecular layers. Right panel: Unilateral
perforant path lesion increases proliferation of newborn granule cells
(POMC-EGFP, 14 days post-mitosis) and reduces their dendritic outgrowth
(white traces). Traces of 14- (left trace) and 21- (right trace) day-old granule
cells shown at 14- (left) and 21- (right) days post-lesion, respectively.
Dendritic length and complexity are reduced relative to those of newborn
granule cells in the contralateral hemisphere (left panel). At 21 days
post-lesion de novo spine formation in 21-day old granule cells (far right
panels) is decreased in the deafferented zone (OML), but increased in the
intact inner molecular layer (IML). Note the dramatically reduced staining for
a marker for glutamatergic axons (vGlut1, red) at 21 days post-lesion in the
middle and outer molecular layers illustrating the absence of excitatory
inputs in the denervated zone.
DENDRITIC MATURATION OF NEWBORN GRANULE CELLS
Newly-differentiated neurons in the first 1–2 weeks post-mitosis
(Kempermann et al., 2004), have a distinct morphology with
small cell bodies, a primary dendrite that is confined to the
inner molecular layer, and an immature axon that has reached
the CA3 region (Overstreet et al., 2004). Although newborn
neurons in the first 1–2 weeks post-mitosis express glutamate
receptors, they have yet to make synaptic contact with perforant
path axons. Instead, these cells receive depolarizing GABAergic
inputs (Ambrogini et al., 2004; Ge et al., 2006), consistent with
a trophic role for GABA in neuronal development (Owens and
Kriegstein, 2002). Over the subsequent 2 weeks, newborn granule
cells extend their dendrites to the middle and outer molecu-
lar layers, develop dendritic spines, and are innervated by the
glutamatergic perforant path (van Praag et al., 2002; Overstreet-
Wadiche and Westbrook, 2006). This stereotyped maturation
process provides an ideal opportunity to examine how newborn
neurons in the adult dentate gyrus develop in the absence of
their main excitatory input from the perforant path. Specifically,
one can follow a cohort of new neurons labeled on the day of
the injury as they extend processes and form synapses in the
weeks following the injury, in this case lesion of the perforant
path. As discussed above, this is a dynamic period of extracellular
changes and circuit reorganization. At 14 days after a unilateral
perforant path lesion—the time of maximal sprouting and reac-
tive synaptogenesis in the deafferented molecular layer—newly
developed dendrites on newborn neurons have extended into
the intact inner molecular layer. However, their total dendritic
length is shorter than dendrites in the contralateral hemisphere
(Figure 5, right panel; Perederiy et al., 2013). By 21 days post-
lesion, dendrites of 21-day-old neurons have penetrated into the
deafferented zone, but the overall dendritic length and complexity
are reduced. The dendritic complexity deficit is most pronounced
in the distal segments, which at 21 days normally would be con-
tacted by perforant path afferents. The reduced complexity of
the dendritic arbor on newborn neuron post-injury is similar in
degree to the post-lesion retraction of distal dendritic segments in
mature cells (Vuksic et al., 2011).
LAMINA-SPECIFIC DEVELOPMENT OF DENDRITIC SPINES FOLLOWING
LESION
Although dendritic arbors are reduced in total length and com-
plexity, 21-day-old granule cells in the adult mouse develop
dendritic spines in the denervated zone. This is surprising because
mice have no detectable entorhino-dentate projection from the
contralateral hemisphere (van Groen et al., 2002; Del Turco
et al., 2003; Deller et al., 2007). Thus, the spines develop in the
apparent absence of functional presynaptic input (Figure 5, red
stain/vGlut1). Dendritic spine density, however, is lower than
that in the contralateral hemisphere. The newly formed spines
in the denervated outer molecular layer have postsynaptic den-
sities, but typically lack a functional apposing presynaptic ter-
minal (Perederiy et al., 2013). What signal substitutes for the
presynaptic terminal as these new dendritic spines appear in
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the denervated zone remains a mystery. One possibility is that
the post-lesion environment surrounding distal dendrites pro-
vides molecular signals that substitute for glutamatergic axons
in the formation of dendritic spines. The overall reduction in
spine density in the denervated zone is comparable between den-
drites of newborn and mature granule neurons. However, newly
formed dendrites in the ipsilateral inner molecular layer show a
dramatic increase in spine density relative to those in the con-
tralateral hemisphere (Figure 5, lower far right panel), whereas
spine density on mature granule cells is unaffected in this region
(Vuksic et al., 2011; Perederiy et al., 2013). The increase in spine
density in the inner molecular layer may reflect the enhanced
synaptic plasticity of newborn neurons relative to mature granule
cells. Immature granule cells in the normal dentate gyrus exhibit
decreased LTP induction thresholds at 2–3 weeks and increased
LTP amplitudes at 4–6 weeks, which can be observed even with
sparse glutamatergic innervation (Schmidt-Hieber et al., 2004; Ge
et al., 2007; Lemaire et al., 2012). These observations indicate that
newborn neurons are preferentially targeted by sprouting axons in
the intact inner molecular layer and suggest that newborn gran-
ule cells may be more responsive during circuit reorganization
than mature granule cells. Such post-lesion innervation of new
dendrites by sprouting homotypic axons may provide a sufficient
amount of excitatory input to ensure functional integration and
survival of newborn granule cells, thus partially compensating for
the degenerated perforant path.
LIMITS OF PLASTICITY
The perforant path model serves as an example of CNS plas-
ticity that incorporates many features of the injury response.
Neuroplasticity in the adult brain is a complex process that
involves all aspects of the neural circuit—axonal sprouting and
terminal bouton turnover, reorganization of dendrites and spines,
activity-dependent modulation of synaptic strength, as well as
adult neurogenesis. The dynamic nature of the adult brain gives
hope for endogenous repair following injury, however, the lim-
its of neuroplasticity must be recognized in order to optimize
medical treatments. Following perforant path lesion, newborn
neurons showed a greater degree of structural plasticity than
mature granule cells by accommodating sprouting axons in the
inner molecular layer. However, circuit-appropriate reinnerva-
tion of denervated targets is essential for functional recovery,
and this aspect of recovery has yet to be fully explored. For
example, following ischemic lesions, newborn neurons from
the expanded ipsilateral SVZ can replenish cells lost in the
striatum by migrating in chains toward the site of infarction,
where they differentiate into medium spiny neurons (Arvidsson
et al., 2002; Parent et al., 2002). Interestingly, migration of
these cells can persist for at least 1 year after stroke (Kokaia
et al., 2006), suggesting that repair mechanisms can remain
active long after the insult. Some evidence shows that newly
differentiated neurons in the striatum grow dendrites, form
synapses, and have spontaneous post-synaptic activity, indicative
of functional integration (Hou et al., 2008). However, whether
these cells receive appropriate inputs is unknown (Burns et al.,
2009). The importance of appropriate reinnervation is perhaps
best exemplified by stem cell therapy following SCI. Although
promising (Bareyre, 2008; Coutts and Keirstead, 2008), graft-
ing of neural progenitor cells around the lesion site can trigger
aberrant axonal sprouting and subsequent pain hypersensitiv-
ity in the forepaw (Hofstetter et al., 2005). This issue poten-
tially may be resolved by creating a favorable environment for
stem cell maturation and functional integration, including axon
guidance molecules, growth factors, and, if necessary, immune
suppressors (Liu et al., 2003; Williams and Lavik, 2009). The
lamina-specific reorganization following perforant path lesion
suggests that effective circuit regeneration and functional recov-
ery will require a rebalancing of the glial response and the
extracellular environment, to allow new axons to find their
appropriate targets and to provide a permissive scaffold for
synaptogenesis.
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